The objective of this study was to estimate the reduction in yield caused by Colletotrichum graminicola in resistant and susceptible maize hybrids inoculated at different stages of development. Two trials were conducted in different environmental conditions in a randomized block design with treatments arranged as a 2 × 5 factorial scheme and three replications. Treatments consisted of two hybrids (H8664, resistant and H8621, susceptible) inoculated at three growing stages (8-leaf, 12-leaf and tasseling stage). Internal lesion length, adjusted yield, and yield components (length, diameter and ear weight) were evaluated 120 days after emergence. Significant differences in yield and ear weight were detected in the susceptible hybrid inoculated at the earliest stage: yield was reduced by 16.1 and 20.2% in the first and second experiment, respectively. Although lesion length in the susceptible hybrid was approximately three times greater than in the resistant, there were no significant differences in lesion length among treatments for each hybrid. However, there were differences in the number of dead plants and ear weight. It is suggested that damage caused by early infection with C. graminicola results mainly from plant death and reduction in ear weigh rather than from the extent of colonization of the stalk.
INTRODUCTION
Diverse fungal pathogens cause stalk rot in maize, including Gibberella zeae (Schwein.) Petch, Colletotrichum graminicola (Ces.) G. W. Wils, Stenocarpella maydis (Berk.) Sutton and Bipolaris zeicola (G.L. Stout) Shoemaker. In Brazil, C. graminicola is one of the most predominant causal agent of the anthracnose stalk rot (ASR) and represents an increasing threat to maize crops (Denti & Reis, 2003; Costa et al., 2010) . The incidence of the disease in Brazil increased after the widespread adoption of a second cropping in autumn-winter (the so-called "safrinha" crop), when higher temperatures and humidity at the beginning of planting favor the disease, and both the use of no-tillage cultivation and no crop rotation (Byrnes & Carrol, 1986) , since the pathogen survives in crop residues (Naylor & Leonard, 1977; Lipps, 1988; Bergstrom & Nicholson, 1999) . C. graminicola infects roots, stalks, leaves, ears and kernels (Venard & Vaillancourt, 2007; Muimba-Kankolongo & Bergstrom, 2011) . Infection of the stalks may arise from direct penetration of conidia produced on blighted leaves (White et al., 1979) or from penetration through injuries caused by insects in the stalks (Bergstrom et al., 1983; Keller et al., 1986) . In some countries such as France, India, and the Philippines, this disease is a limiting factor for maize production (Shurtleff, 1999) . In the United States, severe stalk rot epidemics occurred in the 1980's, which resulted in reductions in yield quantity (damages) of up to 28% (Carson & Hooker, 1982) . Herein, the term damage is used according to Zadoks (1985) meaning any reduction in yield quantity and/ or quality.
Damages from stalk rot result from the internal destruction of tissues that can cause plant lodging or death. In this case, grain quality is compromised due to decay of the ears that are in contact with the soil (Christensen & Wilcoxson, 1966; Jarvis et al., 1984; Muimba-Konkolongo & Bergstrom, 1992; Shurtleff, 1999) . In addition, infected plants present reduced grain yield due to low kernel weight (Dodd, 1980) . Most investigations of yield damages caused by C. graminicola in maize were conducted under conditions of natural infection and this may explain their somewhat discrepant results. Perkins & Hooker (1979) , for instance, observed both an increase of 11% and a decrease of 17% in grain yield depending on the plant genotype, whereas other studies did not find significant associations between reductions in grain yield and infection (Callaway et al., 1992; Denti & Reis, 2001; Denti & Reis, 2003) . However, Keller et al. (1986) reported reductions in yield of up to 35% when plants were infected in the whorl stage, but no reduction when plants were infected in the dough stage, suggesting that the magnitude of damages depends on the phenological stage of the host when infection occurs. In Brazil, there are no estimates of damages caused by anthracnose stalk rot evaluated under controlled experimental conditions; however, field observations indicated that damages of up to 40% can occur (Nazareno, 1989) .
Precise estimates of yield damage due to ASR are difficult to obtain since the symptoms are internal and development of the disease is highly dependent on environmental and host conditions (Keller et al., 1986) . Thus, the objective of this study was to estimate damages on grain yields in two tropical maize hybrids artificially inoculated with C. graminicola at three growth stages in the two main annual growing seasons of maize.
MATERIALS AND METHODS
Plant material consisted of the resistant hybrid H8664 and the susceptible H8621. The former was obtained by crossing inbred lines derived from Amarillo Dent and Caribbean Flint types whereas the latter was obtained by crossing inbred lines derived from this population with lines from Suwan DMR, which is a population developed in Thailand through selection of tropical genotypes containing Caribbean and Tuxpeño types (Coêlho et al., 2001; Lanza et al., 1999) .
The isolate of C. graminicola "Iraí de Minas" was grown on oatmeal agar medium (40 g oatmeal, 17 g agar, and 1 L distilled water) in a growth chamber under controlled temperature (22 ± 2ºC) and a 12 h dark/12 h fluorescent light photoperiod for approximately 14 days. Inoculum was prepared by adding 20 mL of distilled water to the petri dishes and scraping the surface of the culture with a scalpel to release the conidia. The spore suspension was filtered through a double layer of cheesecloth, and its concentration was adjusted to 1.8 x 10 5 conidia mL -1 . One droplet of Tween 80% was added as a wetting agent per liter of inoculum.
Hybrids were inoculated at the 8-leaf, 12-leaf and tasseling stages, which correspond to the 2, 3 and 4 developmental stages, respectively (Fancelli, 1986) . Plants were injected with 1 mL of the spore suspension in the first internode above the soil surface using a veterinary syringe (White & Humy, 1976) . Plots with plants inoculated with 1 mL of sterile water during phenological stage 2 and noinoculated were used as control treatments.
Two trials were set up according to a randomized blocks design with treatments arranged as a 2 (hybrids) × 5 (3 inoculation stages and 2 controls) factorial with three replications. The experimental unit consisted of a two-row plot 5 m long, spaced by 0.9 m and containing approximately 25 plants per row, which corresponds to a planting density of 55000 plants ha -1 . The trials were conducted in Piracicaba (São Paulo, Brazil) in October (regular planting season) and December (late planting season) of 2002.
Grain yield was measured at the maturity period (stage 10) by weighting the kernels. Yield data per plot were adjusted to tons per hectare at 13% moisture. Internal ASR lesion length (cm) was measured from 5 plants per plot chosen at random after longitudinally cutting the plants with an electric saw. The length, diameter, and weight of ears were also determined for 5 plants plot -1 for estimation of yield components. The number of plants per plot was recorded before inoculation and at the end of the experiment.
Data of each trial were used for analysis of variance using the PROCANOVA procedure of the SAS software (SAS Institute, 2000) and treatment means were compared by Tukey's test (p = 0.05).
RESULTS AND DISCUSSION
The joint ANOVA of the two trials indicated significant (p<0.05) hybrid x trial interactions. Thus, ANOVAs were performed individually for each trial. Statistical differences (p<0.05) in lesion length were detected between hybrids indicating that they differ in their degree of resistance to the pathogen, as expected. The resistance of H8664 is noteworthy, since the mean lesion length averaged over inoculation stages was approximately 3 times shorter than in the susceptible hybrid (Table 1) . This level of resistance was also found in tropical hybrids and inbred lines inoculated with C. graminicola in the first internode above of the soil surface (Pereira et al., 1989; Muimba-Kankolongo & Bergstrom, 2011) and in hybrids with the major resistance gene Rcg1 (Frey et al., 2011) .
In general, the hybrids also differed for yield and yield components in both trials due to differences in their genetic constitution. Significant interactions were detected between hybrids and inoculation stages for lesion length, yield and number of plants by plot in both trials, and also for ear weight in the second trial. However, the partitioning of these interactions indicated that the significance of the interaction between hybrid and lesion length was due to differences between pathogen-inoculated treatments and the water control treatment for both hybrids (Table  1) . On the other hand, differences in yield and in the number of plants per plot in both trials and in ear weight in the second trial were significant (p<0.01) only in the susceptible hybrid H8621. In this case, mean comparisons indicated that yield was reduced only when plants were inoculated with the pathogen at the 8-leaf stage ( Table  2 ), indicating that early infection affected yield. Yields were 16.1% and 20.2% lower than in the non-inoculated controls, in the first and second trials, respectively. These results agree with an earlier report by Warren & Nicholson (1975) , which also reported yield reductions related to infections during the early reproductive stages, and are similar in magnitude to those reported by Keller et al. (1986) , who found average damage of 21.6% in plants of the susceptible temperate inbred line Cornell 281 infected at the whorl stage. However, in contrast to what was observed in this study, these authors also reported damages of 16% in plants infected at the tasseling stage. This discrepancy could be due to differences in resistance between hybrids and experimental conditions. Recently, Frey et al. (2011) reported that the presence of a major resistance gene to ASR reduced the overall impact of the disease in yield by almost three fold in comparison to susceptible hybrids. Pereira (1983) comparing the severity of anthracnose on seedlings and adult plants of maize in various genotypes, observed that in some of them there were correspondence and in others not. Evaluated the area affected by the lesions of the stalk, and not only the lesion length, achieving more precise in the evaluation of the disease and discrimination of resistance among genotypes. In this work, we evaluated the internal length of the lesion because it is difficult to accurately estimate the lesioned area in the stalks.
An important aspect of our results is that in the inoculated treatments there was no difference in lesion length within hybrids regardless of the inoculation stage ( Table 1 ), suggesting that reductions in yield associated to infection at the beginning of the growth stage in the susceptible hybrid were not due to differences in lesion development among inoculation stages. Thus, it seems likely that infections at the beginning of the crop interfere in the process of sugar accumulation in the stalk, which occur mainly during this time and will influence grain filling later, rather than from the magnitude of the damage of plant tissues caused by the pathogen. This hypothesis is supported by the observation that ear weight was reduced only in plants inoculated at the 8-leaf stage (20.3%) in the second trial (Table 2) . Borges et al. (2001) observed the same behavior as the lesion length of stalk rot caused by Fusarium moniliforme.
Additionally, another factor that contributed to lower yields was the increased number of dead plants. The frequency of dead plants displaying typical symptoms of stalk rot was higher in plots of the susceptible hybrid inoculated at the 8-leaf stage than in any other treatment (Table 3) . At the end of the cycle, these plots had an average of 31 plants compared to 40 plants in the control treatment inoculated with water. In contrast, the number of plants in all plots of the resistant hybrid (H8664) ranged from 36 to 39 (Table 3) . Likewise, in anthracnose stalk caused by Fusarium, Afolabi et al. (2008) reported that severe stalk rot in the early stage also affected yield through premature plant death or lodging in maize.
Our results demonstrate that yield damages due to anthracnose stalk rot in tropical conditions are within the same range of those reported for temperate maize crops. Also, the magnitude of damages varies according to the growth stage at the time of infection. We suggested that damages caused by early infection (8-leaf stage) for C. graminicola result from death of the plants, reductions in ear weight and, possibly, an interference of the pathogen in the metabolism of the stalk for a longer period of time. Additionally, the high level of resistance of the hybrid H8664 indicates the potential to explore tropical maize germplasm as a source of genetic resistance to C. graminicola in breeding programs in Brazil. TABLE 3 -Number of plants by plot at maturity in two trials of hybrids inoculated with C. graminicola at the 8-leaf, 12-leaf and tasseling stages and non-inoculated (control) or inoculated with water at the 8-leaf stage (control-water)
